We report on the syntheses of 5-hydroxymethyl-uridine [5hm(rU)] and -cytidine [5hm(rC)] phosphoramidites and their incorporation into RNA by solid-phase synthesis. Deprotection of the oligonucleotides is accomplished in a straightforward manner using standard conditions, confirming the appropriateness of the acetyl protection used for the pseudobenzylic alcohol moieties. The approach provides robust access to 5hm(rC/U)-modified RNAs that await applications in pull-down experiments to identify potential modification enzymes. They will also serve as synthetic probes for the development of highthroughput-sequencing methods in native RNAs.
Introduction
The nucleobase modification 5-methylcytosine (5mC) shows widespread occurrence in DNA and RNA. 1 Currently, the vast majority of efforts to understand the role of cytosine methylation, its function and its metabolism is focused on DNA because of its prominent role in epigenetics. 2 Epigenetic research seeks to describe cellular and physiological phenotypic-trait variations that are caused by external or environmental factors that switch genes on and off. DNA methylation-demethylation is such a mechanism that triggers functionally relevant changes which determine how genes are expressed without altering the underlying DNA sequence, and thus generates dynamic modulations in the transcriptional profile of a cell. 3 While the molecular basis of cytosine methylation has been well studied over the decades, and a lot is known on the enzymatic installation of a methyl group by cytosine-5 methyltransferases involving the cofactors S-adenosyl methionine (SAM) or cobalamin (Cbl), 4, 5 the demethylation of 5mC has been explored only recently in detail. 6, 7 One of the main demethylation pathways of 5mC suggests 5-hydroxymethylcytosine (5hmC) to be the first degradation product of enzymatic oxidation by ketoglutarate-dependent hydroxylases of the ten-eleventranslocation (TET) family of proteins. 8 In RNA, 5mC is also prevalent, [9] [10] [11] [12] however, little is known if this modification is dynamic and plays a role in post-transcriptional regulation. 13 In the emerging field of RNA epigenetics, 14 the question if a similar oxidative reversal pathway may also work for the 5mC modification in RNA has challenged several laboratories, but to the best of our knowledge, the native enzymes catalyzing such reactions in RNA have not yet been identified. 15 The present work aims at generating synthetic RNA probes that contain 5-hydroxymethyluridine [5hm(rU)] and/or 5-hydroxymethylcytidine [5hm(rC)] modifications. Synthetic access to site-specifically modified 5hm(rC/U)containing RNA provides the foundation for pull-down experiments which are needed to identify proteins that might specifically recognize and process these modifications in RNA. 16, 17 Moreover, efficient access to 5hm(rU)-and/or 5hm(rC)-containing probes will also be invaluable to develop high-throughput-sequencing methods to identify these modifications in native RNA. [18] [19] [20] On first glance, 5-hydroxymethylcytosine-modified nucleic acids appear to be easily accessible by chemical synthesis. However, this modification has been reported to be rather challenging for solid-phase approaches because of the observed S N reactivity that originates from its pseudobenzylic character. 21, 22 With respect to oligodeoxynucleotide synthesis, several distinct protecting groups have been described in the literature for the 5-hydroxymethyl group of 5-hydroxymethyl-2'-deoxycytidine [5hm(dC)] ( Figure 1 ). Among these are the 2-cyanoethyl, 23, 24 acetyl, 25 and tert-butyldimethylsilyl (TBDMS) groups. 26 Additionally, the simultaneous protection of the 5-hydroxymethyl and the C4-NH 2 group as a cyclic carbamate has been described. 27, 28 Although these approaches have their merits, they are also not entirely satisfying. For instance, post-synthetic removal of the cyanoethyl protecting group was reported to be troublesome with respect to completeness. 23 Also, not fully convincing was that carbamate deprotection required NaOH in methanol/water instead of the standard DNA deprotection (ammonolysis) to avoid aminocarbonyl-N 4 and 5-aminomethylcytosine byproducts. 27 When 5hm(dC) was protected with 5-CH 2 -OTBDMS together with N 4 -benzoyl, the deprotection procedure came closest to standard DNA deprotection, however, extended reaction times and elevated temperatures had to be applied in order to demask the 5-CH 2 OH group completely and simultane-ously with the base-labile protecting groups in concentrated aqueous ammonium hydroxide solution. 26
Figure 1
Different protection patterns of 5-hydroxymethyl-2′-deoxycytidine phosphoramidites for the solid-phase synthesis of 5hm(dC)containing DNA that have been reported in the literature
Synthesis of 5-Hydroxymethylpyrimidine-Modified RNA
To the best of our knowledge, the synthesis of 5-hydroxymethylcytidine [(5hm(rC)] modified RNA has not yet been accomplished. To achieve this aim, we considered acetylation of both the 5-hydroxymethyl and the N 4 exocyclic amino groups as a promising protection pattern for 
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building blocks that can be utilized in RNA solid-phase synthesis. At first sight, such a concept may be surprising since it was reported earlier that the incorporation of an Oacetylated and N 4 -benzoylated 5hm(dC) building block into DNA gave undesired benzamide byproducts that originated from nucleophilic displacement of the acetate moiety and migration of the benzoyl group during oligonucleotide deprotection with ammonium hydroxide. 25 However, in contrast to synthetic DNA, RNA is routinely deprotected by applying more nucleophilic conditions of methylamine in ethanol/water, or alternatively, of methylamine and ammonia in water. Under these conditions, RNA is deprotected very fast and cleanly; importantly, acetyl (instead of benzoyl) protection has to be used for the exocyclic N 4 amino group to avoid transamination at C4 by methylamine. 29, 30 Considering all the above arguments, we set out to synthesize and evaluate the bisacetylated 5hm(rC) building block 9 for RNA solid-phase synthesis.
Synthesis of 5hm(rC) Phosphoramidite
We conceived the synthesis of 5hm(rC) phosphoramidite 9 from nucleoside 1 [5hm(rU)] as the starting point for two reasons (Scheme 1). First, access to 5hm(rU) 1 (or derivatives thereof) has been described, [31] [32] [33] [34] [35] [36] and second, we considered it desirable to introduce a divergent synthetic pathway for phosphoramidites of both nucleosides 5hm(rU) and 5hm(rC). Hence, a uracil-into-cytosine conversion was envisaged, a transformation that is well established for various pyrimidine nucleoside modifications, with a wide range of conditions accepted. [37] [38] [39] We started the synthesis with selective substitution of the hydroxy group of 5-hydroxy-methylated uridine 5hm(rU) 1 by acetic acid using a catalytic amount of trifluoroacetic acid (Scheme 1). 31 It should be pointed out that reaction times longer than 40 minutes resulted in additional acetylation of the ribose hydroxy groups. The monoacetylated derivative 2 was then transformed into the dimethoxytritylated compound 3, followed by protection of the 2′and 3′-hydroxy groups as TBDMS silyl ethers to yield nucleoside 4. Next, reaction of 4 with 2,4,6-triisopropylbenzenesulfonyl chloride in the presence of triethylamine and DMAP in dichloromethane resulted in regioselective O 4 -trisylation. After work-up, the trisylated derivative 4a could be used without further purification for the conversion into 5 upon treatment with aqueous ammonium hydroxide in THF. Acetylation of the amino function was achieved with acetic anhydride in pyridine to provide 6, followed by cleavage of the 2′-and 3′-OTBDMS groups with TBAF (1 M) and acetic acid (0.5 M) in THF to give 7. Selective silylation with TBDMSCl using silver nitrate according to Ogilvie 40 provided the 2′-OTBDMS-protected derivative 8 in 43% yield. To increase the overall yield, the undesired 3′-O-silylated regioisomer was treated with triethylamine in methanol, with equilibration again generating a favorable distribution between the 2′ and 3′ regioisomers. Finally, phosphitylation was executed with 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (CEP-Cl) in the presence of N,N-diisopropylethylamine in CH 2 Cl 2 . Starting with compound 1, our route provides product 9 in a 3% overall yield in nine steps and with eight chromatographic purifications; in total, 0.5 gram of 9 was obtained in the course of this study.
Concerning the overall synthetic strategy for phosphoramidite 9, we mention that we did not consider 2′-O-tomylation of intermediate 3, followed by 3′-O-acetylation and 
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U-to-C transformation. [37] [38] [39] The reason being that such a path would require selective cleavage of the temporary 3′-OAc group in the presence of the 5-AcOCH 2 and NHAc moieties, prior to transformation into phosphoramidite 9. Another reason was that the yields for introducing the 2′-O-[(triisopropylsilyl)oxy]methyl (TOM) group on uridines are generally lower compared to the introduction of the 2′-OTBDMS group. [40] [41] [42] Furthermore, we found that attempts to shorten the reaction sequence leading from compound 6 directly to 8 (by deprotection of one of the 2′-O/3′-OTBDMS groups and subsequent equilibration) suffered from good reproducibility, so that we recommend the here-elaborated path for reasons of robustness.
Synthesis of 5hm(rU) Phosphoramidite
As mentioned above, a divergent synthetic route was designed to allow access also to 5hm(rU) phosphoramidite building blocks. Starting from derivative 3 (Scheme 2), silylation with TBDMSCl using silver nitrate according to Ogilvie 40 yielded the 2′-OTBDMS-protected derivative 10 with remarkable regioselectivity over the 3′-O-silylated product (5:1). Phosphitylation was executed with CEP-Cl in the presence of N,N-diisopropylethylamine in THF. Starting from 5hm(rU) 1, the corresponding phosphoramidite 11 was isolated in an overall yield of 14% over four steps with four chromatographic purifications; in total, 0.6 gram of 11 was obtained in the course of this study. 
Synthesis of 5hm(rC)-and 5hm(rU)-Modified RNA
The solid-phase synthesis of RNA with site-specific 5hm(rC/U) modifications was performed following the TOM approach. 41, 43, 44 Coupling yields of the novel building block were higher than 98% according to the trityl assay. Cleavage of the synthetic RNA strands from the solid support and their deprotections were performed using methyl-amine in ethanol/water, or alternatively methylamine/ammonia in water followed by treatment with TBAF in THF. Salts were removed by size-exclusion chromatography on a Sephadex G25 column. In general, the crude products gave a major product peak in anion-exchange (AE) HPLC analysis. RNA oligomers were purified by AE chromatography under strong denaturing conditions (6 M urea, 80 °C) ( Figure 2 ). The molecular weights of the purified RNAs were confirmed by liquid chromatography-electrospray ionization (LC-ESI) mass spectrometry (MS). The synthesized RNAs containing 5hm(rC) and 5hm(rU) modifications are listed in Table 1 . It is noteworthy that minor amounts of byproducts (<15% of the crude deprotected material) that originated from substitution reactions at the 5-acetyloxymethyl group by methylamine during RNA deprotection were found, as analyzed by LC-ESI mass spectrometry. However, these byproducts were easily separated from the desired product during anion-exchange and/or reversed-phase chromatography. In this context, deprotection using equal volumes of aqueous methylamine (40%) and saturated aqueous NH 3 solutions appeared slightly favorable over 'methylamine alone' conditions. 
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Syn thesis 4 Conclusions
We have elaborated the syntheses of 5-acetyloxy-methylated cytidine and uridine phosphoramidites and the incorporation of these building blocks into RNA by solidphase synthesis. Importantly, we have demonstrated that subsequent deprotection of the oligoribonucleotides is straightforward using aqueous methylamine/ammonia solutions. Only very minor amounts of side products that resulted from the S N reactivity at the pseudobenzylic position of the 5-hydroxymethyl residues were observed. Consequently, this approach delivers high-quality 5hm(rC/U)modified RNAs as valuable probes in the search for related modification enzymes and for the development of highthroughput-sequencing methods in the emerging field of RNA epigenetics.
All reactions were carried out under an argon atmosphere. Chemical reagents and solvents were purchased from commercial suppliers and were used without further purification. Organic solvents for reactions were dried overnight over freshly activated molecular sieves (3 Å). Analytical thin-layer chromatography (TLC) was carried out on Macherey-Nagel Polygram SIL G/UV 254 plates. Flash column chromatography was carried out on Sigma Aldrich silica gel 60 (70−230 mesh). 1 H, 13 C and 31 P NMR spectra were recorded on a Bruker DRX 300 MHz instrument. The chemical shifts are referenced to the residual proton signal of the deuterated solvents: CDCl 3 (7.26 ppm), DMSO-d 6 (2.49 ppm) for 1 H NMR spectra; CDCl 3 (77.0 ppm) or DMSO-d 6 (39.5 ppm) for 13 C NMR spectra. 1 H and 13 C NMR assignments were based on COSY and HSQC experiments. MS experiments were performed on a Finnigan LCQ Advantage MAX ion trap instrument.
5-Acetyloxymethyluridine (2)
5-Hydroxymethyluridine (1) (obtained by various routes as described in references 31-33) (3.3 g, 12 mmol) was suspended in glacial AcOH (100 mL). TFA (0.2 mL) was added and the mixture was refluxed for 40 min. AcOH was removed under reduced pressure. The crude product was purified by column chromatography on silica gel (CH 2 Cl 2 / MeOH, 95:5 to 90:10). Although the product 2 can be contaminated with up to 10% of the 5′-O-acetylated regioisomer, it should be used without further purification in the next step. This byproduct becomes easily separated from compound 3 by column chromatography (see below). 
5-Acetyloxymethyl-5′-O-(4,4′-dimethoxytrityl)uridine (3)
5-Acetyloxymethyluridine (2) (2.4 g, 7.5 mmol) and DMAP (20 mg, 0.18 mmol) were dissolved in dry pyridine (10 mL). 4,4′-Dimethoxytrityl chloride (DMT-Cl) (3 g, 9 mmol) was added in two portions. The reaction was stirred for 5 h at r.t., and the progress monitored by TLC. The pyridine was removed under reduced pressure, the residue dissolved in CH 2 Cl 2 and extracted with 5% citric acid (2 ×), sat. aq NaHCO 3 solution and sat. aq NaCl solution. The organic phase was dried over anhydrous Na 2 SO 4 and coevaporated twice with toluene and with CH 2 Cl 2 . The crude product was purified by column chromatography on silica gel (CH 2 Cl 2 /MeOH, 98:2-96:4). 
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5-Acetyloxymethyl-5′-O-(4,4′-dimethoxytrityl)-2′,3′-di-O-tert-butyldimethylsilyluridine (4)
Compound 3 (3 g, 4.8 mmol) was dissolved in DMF (15 mL). Imidazole (1.95 g, 28.8 mmol) and TBDMSCl (2.16 g, 14.4 mmol) were added consecutively, and the solution was stirred at r.t. for 5 h. The excess of silyl reagent was quenched by slow addition of MeOH (10 mL). H 2 O (500 mL) was added and the mixture was extracted with EtOAc (3 × 200 mL). The combined organic layers were dried over Na 2 SO 4 and the solvents evaporated. The crude product was purified by column chromatography on silica gel (hexane/EtOAc, 2:1). Yield: 3.4 g, 4.1 mmol (80%); white solid; R f = 0.6 (hexane/EtOAc, 50:50). 1 
5-Acetyloxymethyl-5′-O-(4,4′-dimethoxytrityl)-2′,3′-di-O-tert-butyldimethylsilyl-O 4 -(2,4,6-triisopropylbenzenesulfonyl)uridine (4a)
To a solution of compound 4 (3.4 g, 4.1 mmol) in dry CH 2 Cl 2 (20 mL) was added DMAP (40 mg, 0.36 mmol) and Et 3 N (5.6 mL, 41 mmol). 2,4,6-Triisopropylbenzenesulfonyl chloride (1.8 g, 6.15 mmol) was added slowly, and the solution was stirred for 1 h at r.t. The reaction mixture was diluted with CH 2 Cl 2 , washed with sat. NaHCO 3 solution, and the organic phase was dried over Na 2 SO 4 , filtered, and evaporated. The crude product 4a was obtained as a yellow foam and was used for the next step without further purification. An analytical sample of 4a was purified by column chromatography on silica gel (hexane/ EtOAc, 90:10-85: 15 ). 
5-Acetyloxymethyl-5′-O-(4,4′-dimethoxytrityl)-2′,3′-di-O-tert-butyldimethylsilylcytidine (5)
The crude compound 4a (4.1 mmol) was dissolved in THF (50 mL) and treated with aq NH 3 (32%, 70 mL). The solution was stirred at r.t. for 3 h. The solvents were evaporated, and the mixture was diluted with CH 2 Cl 2 and washed with H 2 O. The organic phase was dried over Na 2 SO 4 and the solvents evaporated. The crude product was purified by column chromatography on silica gel (CH 2 Cl 2 /MeOH, 100:0-98:2). Yield: 1.5 g, 1.8 mmol (44% over 2 steps); white foam; R f = 0.5 (CH 2 Cl 2 / MeOH, 95:5). , 1 H, H-C(1′) ), 6.86-6.89 (m, 4 H, H-C(Ar)), 7.05 (s, 1 H, H(a)-N(4) ), 7.22-7.41 (m, 9 H, H-C(Ar)), 7.52 (s, 1 H, H(b)-N(4)), 7.76 (s, 1 H, H-C(6) ). 
N 4 -Acetyl-5-acetyloxymethyl-5′-O-(4,4′-dimethoxytrityl)-2′,3′-di-O-tert-butyldimethylsilylcytidine (6)
A solution of compound 5 (1.5 g, 1.8 mmol) in dry pyridine (30 mL) was cooled to 0 °C under argon, treated with Ac 2 O (425 μL, 4.5 mmol), allowed to warm to r.t. and stirred for 2 h. The reaction was quenched by the addition of MeOH (2 mL), and the solvents were evaporated. The oily residue was diluted with CH 2 Cl 2 , and washed with 5% citric acid, H 2 O and sat. NaHCO 3 solution. The organic phase was dried over Na 2 SO 4 and the solvents were evaporated. The crude product was purified by column chromatography on silica gel (CH 2 Cl 2 /MeOH, 99.5:0.5-98:2). Compound 6 (1.2 g, 1.36 mmol) was treated with a solution (6 mL) of 1 M TBAF and 0.5 M AcOH in THF. The reaction mixture was stirred at r.t. for 3 h. The solvents were evaporated and the residue was coevaporated twice with CH 2 Cl 2 . The crude product was purified by column chromatography on silica gel (CH 2 Cl 2 /MeOH, 99:1-96:4).
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Yield: 672 mg, 1.02 mmol (75%); white foam; R f = 0.45 (CH 2 Cl 2 /MeOH, 95:5). 1 Compound 7 (672 mg, 1.02 mmol) was dissolved in dry THF (12 mL) and dry pyridine (300 μL) was added, followed by AgNO 3 (270 mg, 1.6 mmol). The suspension was stirred for 30 min, then TBDMSCl (250 mg, 1.6 mmol) was added. Stirring was continued in the dark for 4 h until the starting material had been consumed as analyzed by TLC. The reaction mixture was filtered through Celite and the Celite bed washed with CH 2 Cl 2 (100 mL). The combined filtrates were evaporated, the residue redissolved in CH 2 Cl 2 , and then washed with aq 5% citric acid (2 ×) and sat. NaHCO 3 solution. The organic phase was dried over Na 2 SO 4 , filtered, and evaporated. The crude product was purified by column chromatography on silica gel (hexane/EtOAc, 60:40-25:75). Compound 8 (340 mg, 0.44 mmol) was dissolved in dry CH 2 Cl 2 (6 mL) under an argon atm. Next, DIPEA (312 μL, 1.8 mmol), 1-methylimidazole (18 μL, 0.22 mmol), and 2-cyanoethyl N,N-diisopropylchloro-phosphoramidite (195 μL, 0.88 mmol) were added to the solution using syringes. The reaction was monitored by TLC and the mixture stirred for 5 h at r.t. Then, CH 2 Cl 2 was added and the organic phase extracted with sat. aq NaHCO 3 solution and brine. The organic phase was dried over Na 2 SO 4 and the solvent was evaporated. The crude product was purified by column chromatography on silica gel (hexane/EtOAc, 50:50, 0.5% Et 3 N).
Yield: 330 mg, 0.34 mmol (79%); white foam; R f = 0.4 (hexane/EtOAc, 25:75). 
5-Acetyloxymethyl-5′-O-(4,4′-dimethoxytrityl)-2′-O-tert-butyldimethylsilyluridine (10)
Compound 3 (450 mg, 0.72 mmol) was dissolved in dry THF (5.6 mL), then dry pyridine (200 μL, 2.5 mmol) was added, followed by AgNO 3 (200 mg, 1.2 mmol). The suspension was stirred for 30 min, then TBDMSCl (185 mg, 1.2 mmol) was added. Stirring was continued in the dark for 4 h until the starting material had been consumed as analyzed by TLC. The reaction mixture was filtered through Celite and the Celite bed washed with CH 2 Cl 2 (100 mL). The combined filtrates were evaporated, the residue redissolved in CH 2 Cl 2 , and then washed with aq citric acid (2 ×) and sat. NaHCO 3 solution. The organic phase was dried over Na 2 SO 4 , filtered, and evaporated. The crude product was purified by column chromatography on silica gel (hexane/EtOAc, 80:20-50:50).
Yield: 230 mg, 0.31 mmol (44%); white foam; R f = 0.55 (hexane/ EtOAc, 25:75). 5′) ), 71.34 (C(3′)), 76.02 (C(2′)), 84.08 (C(4′)), 87.22 (t-C(DMT)), 88.46 (C(1′)), 109.99 (C(5)), 113.50 (C(Ar)), 127.35 (C(Ar)), 128.34 (C(Ar)), 128.34 (C(Ar)), 130.25 (C(Ar)), 135.33 (C(Ar)), 135.46 (C(Ar)), 140.67 (C(6)), 144.23 (C(Ar)), 150.00 (C(2)), 158.91 (C-OCH 3 (Ar)), 161.89 (C(4)), 170.44 (COCH 3 ). 
MS (ESI
